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Design and Thermo-Hydraulic Analysis of Upgraded
PUMA System for the Development of a Test

Facility of Superconducting CICCs
Dong Keun Oh, Keeman Kim, Hyun Joung Lee, and Qiuliang Wang

Abstract—As an activity to build a new test facility for super-
conducting CICCs (Cable In Conduit Conductors), an insertion
coil for an upgrade of the existing CS (central solenoid) model coil
of KSTAR was designed and analysed to implement a supercon-
ducting magnet system being capable of pulsed operation up to
12 T. On the basis of a developed winding scheme of the insertion
coil, some candidates of CICC design were proposed according to
the result of an optimization method and a numerical code exam-
ining the thermo-hydraulic stability of CICC. After the design of
winding pack and CICCs, we investigated thermo- hydraulic be-
haviors of the superconducting magnet with respect to given sce-
narios to estimate the limit of safe operation in pulsed mode.

Index Terms—CICC, KSTAR, superconducting magnet, ther-
mohydraulic analysis.

I. INTRODUCTION

T HE central solenoid model coil (CSMC) of KSTAR was
fabricated not only to estimate the performance of CS

magnet of KSTAR but also to implement a background field
magnet for a test facility for CICC short samples like SULTAN
test or joint samples [1], [2]. The Helmholtz configuration of
the pair of KSTAR CSMC reflects such a design concept which
allows a conductor sample to access the high field region of that
magnet easily with appropriate field homogeneity by putting the
sample into the gap.

Originally, for the test facility, a “Blip-Coil” was designed
and installed into the bore of main coil (KSTAR CSMC) to im-
plement a very fast pulsed operation (20 T/s) of additional field
up to 1 T by the exponential discharge of “Blip-Coil” with 50
ms time constant to exert expected states of EM disturbance of
KSTAR operation on the test samples [2].

Recently, a necessity of upgrade for our superconducting test
facility up to 12 T has been emerged according to recent ef-
forts for verification of the feasibility of a practical magnetic
fusion device [3]. While there is such a need of cost effective
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Fig. 1. 3D drawing of KSTAR CSMC(PUMA MC) (left) and a geometrical
model for the coils of PUMA system(MC+UC) for the ANSYS environment
(right). As shown in colors on the right figure, the upgrade coil is inserted into
the main coil’s bore.

qualification tool for a short-sample conductor for reactor grade
plasma devices, which are recently developing or will be im-
plemented in the future, it is hard to say that such a propose
can be fully answered by existing test facilities. For example,
the ITER CS conductors are designed to operate in the pulsed
magnetic field of relatively high magnitude, and the condition
of such high and pulsed field cannot be achieved by any existing
full-size short sample test device.

Under the consideration of such a requirement, a design ac-
tivity for the insertion coil was planed to upgrade the main coil
of existing magnet system of the test facility for the development
of KSTAR. The upgrade was designated to build a short-sample
test device for the current-carrying performance of a conductor
in the background field of up to 12 T with the pulsed oper-
ation capability. According to such an activity, a new design
of upgraded magnet was proposed so called “PUMA (PUlsed
MAgnet) system”.

The PUMA system is presented in the Fig. 1 in which a geo-
metric model of upgraded PUMA system, which is actually de-
veloped for the magnetic field calculation using FEM package,
is shown to make it understood that the upgrade coil (UC) will
be inserted into the bore of KSTAR CSMC assembly which is
the main coil (MC) of PUMA system.

In this paper, the PUMA-UC (Upgrade Coil) is introduced
describing the detail feature of the winding pack and efforts to
find out an appropriate CICC design through an optimization
process and thermo-hydraulic stability analyses. With to the re-
sultant numerical models for the PUMA-UC, the robustness of
upgrade coil, when it is installed in the PUMA-MC, against
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TABLE I
PARAMETERS OF WINDING PACK

Fig. 2. Model for the winding scheme of PUMA-UC, and the dimensions of
CICC(right and lower).

pulsed operation was examined under the condition of some ex-
treme cases of operation scenario employing a numerical code
of thermo-hydraulic analysis for superconducting CICCs.

II. DESIGN FOR UPGRADE

A. Winding Pack Design for PUMA-UC

To fit into the inner radius of the main coil (
, ), the dimensions and the

winding scheme were carefully decided for the upgrade coil.
Using the same CICC jacket as main coil (rounded square
jacket: , ), we obtained the number of
turns of 6 to achieve the inner radius as large as 210 mm for a
sufficient field homogeneity on the magnet center (Table I).

A continuous winding scheme was established making an
“exact circle” for the outline of round shape and the inner bore
to fit the circle of inner radius of main coil. For every last turns
(6th turn) of each layer, 1/4 turn should be omitted not to cross
the guidelines of both exact circles, and additional 1/8 turn have
to be missed for layer transition. As a result, 90 turns will be
wound for a winding pack of 16 layers as shown in Fig. 2.

For the analysis, the magnetic field along the center line of
CICC should be known, Thus, Biot-Savart calculation was done
employing the SOURC36 element in ANSYS. Such a magnetic
field distribution along the cooling path as in the Fig. 3 can be
applied to the thermo-hydraulic analyses of CICC as an input
data to the numerical code.

We assumed the maximum current of PUMA system is 22.3
kA, and, in such a condition, the magnetic field at the center

Fig. 3. Magnetic field distribution along the cooling path.: Operating current
is 22.3 kA.

TABLE II
CICC PARAMETERS

of the PUMA system will be 12 T, and the highest field on the
CICC will be 13.34 T.

B. CICC Design for PUMA-UC

The main coil’s CICC consists of the same strands
of KSTAR CS magnet [4]. At 13 T and 5 K, they show neg-
ative value of temperature margin which is not suitable to the
CICC of PUMA-UC. Thus, several candidates of conductor de-
sign were investigated under the consideration of optimal design
balancing the material fraction to maximize the operating cur-
rent given by the constraint of temperature (or energy) margin
within the limit of well-cooled regime [5].

There is a practical calculation tool for such an optimiza-
tion for CICC design, which is well-known as OPTICON
(CryoSoft). Some parts of the code were modified for the
specific characteristic of the strand of KAT (Kiswire
Advanced Technology) RC38 which was employed for the
fabrication of SULTAN sample of the ITER TF conductor
R&D in 2007 [6]. With a constraint of and

, we tried to find an optimal design which have
an operating current above 20 kA. As a result, a CICC design
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Fig. 4. Minimum quench energy vs. operating current at� � ���,� � ��:
Stagnant flow �	
�� �� � � ���� was assumed. An external heat pulse of
Gaussian shape �� � �	� was deposited on the center of CICC during 10 ms.

was obtained as , and ,
and, with respect to the result, some essential characteristics of
the proposed conductor are presented as ,

, , .
On the basis of such a result, two candidates of CICC design

were developed. The Design #1 is very close to the presented op-
timal design, but, in the Design #2, the conductor has relatively
large total non-Cu area and small fraction of stabilizer due to the
absence of pure Cu strand, which may be far from the optimal
design, but is an alternative design taking into account the large
heat load of pulsed mode.

The parameters of CICCs are presented in Table II.
For both designs, the energy margin of CICC can be estimated

employing GANDALF (CryoSoft) code with some modifica-
tion searching for the minimum amplitude of heat pulse which
drives the CICC into quench. To calculate the minimum quench
energy, DC heat pulse was applied during 10 ms, and such an
external heat disturbance deposited on the center of CICC of
200 m with the Gaussian shape of spatial distribution with the
characteristic length of 6 m [7]. For the simulation, the stagnant
flow condition was assumed so that inlet and outlet pressure was
maintained in 0.5 MPa. The energy margin for each design with
respect to operation current is presented in Fig. 4.

For the Design #1 which is close to optimal design, estimated
energy margin of 473 mJ/cc at 20 kA agrees well with OP-
TICON’s estimation of 435 mJ/cc. As expected, larger energy
margin of 640 mJ/cc at 20 kA was obtained for Design #2.

III. OPERATION ANALYSIS IN PULSED MODE

A. Operation Scenario and Cooling Condition

After the calculations of the characteristic of designed CICCs,
the thermo-hydraulic behaviors were investigated for the in-
tegrated PUMA system (MC+UC). For such an analysis, the
hydraulic channels should be specified for the magnet system
under the investigation. Especially, since the PUMA system is
designed for the operations in pulsed mode, various AC losses
should be taken into account as heat loads during the opera-
tion. We separated the total hydraulic path of CICC (164.3 m) of

Fig. 5. Scenario #1 (left) and Scenario #2 (right) for thermo-hydraulic analysis.

Fig. 6. Total deposited energies on the 1st cooling channel (82.05 m) according
to the Scenario #2: Left figure is the energy on the conductor and right is on
the jacket. The conductor under the calculation is Design #1. As shown in this
figure, the major components of the heat load from AC losses are the coupling
loss and the hysteresis loss on the conductor bundle. In our case, �� of coupling
loss is assumed as 20 ms.

PUMA UC into two channels of flow path whose length is 82.05
m and 82.25 m for each. To satisfy such a cooling scheme, the
helium inlet is located on the center of CICC where the mag-
netic field is highest to supply the supercritical fluid to the each
channel, and, at the both ends of the coil, there are drains.

To investigate the safety in pulsed mode, two extreme cases of
pulsed operation ( and 2 T/s for each)
were proposed as scenarios for the thermo-hydraulic analysis
examining the temperature margin and other thermohydraulic
characteristics with respect to the designs of CICC [8].

Assumed scenarios of magnetic field are shown in Fig. 5.
In every case, the inlet and outlet pressure are assume as 0.55

Pa and 0.4 MPa. The inlet and initial CICC temperatures are 5
K for the Scenario #1 and 4.5 K for the Scenario #2.

B. AC Losses as Heat Load

In the pulsed operation condition, conductors will experience
various heat loads by AC losses such as the hysteresis loss of su-
perconductor, the coupling and the eddy current loss [9]. Such
losses can be treated as external heat sources which can be coded
into the numerical routines as a part of thermo-hydraulic anal-
ysis program of CICCs in PUMA system.

Even though AC losses on the jacket is much smaller than the
heat loads of the conductor itself, we considered the heat load
on the conduit which is a sum of the ferromagnetic hysteresis
loss and the eddy-current loss on the jacket material of Incoloy
908 [9] (Fig. 6).
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Fig. 7. Maximum temperatures of conductor during the operation with respect
to Scenario #1 (left) and Scenario #2 (right).

Fig. 8. Minimum temperature margin of conductors during the operation ac-
cording to the Scenario #1(left) and the Scenario #2(right).

Fig. 9. Temporal evolution of the conductor temperature (left) and pressure
(right).

C. Temperature Margin and Maximum Temperature

Applying the operation scenarios, the temperature margin and
maximum temperature of conductor during the operation were
computed for each conductor design [8]. Because of relatively
extreme conditions for operation, the temperature margins were
closed to zero in some cases with which it can be helpful to
estimate the limit of the performance of designed conductors.

In the Figs. 7, 8, and 9, the maximum temperature of CICC
was presented during the pulsed operations according to the sce-
narios. Under the both scenarios, every case showed a safe op-
eration without quenching. However, it is hard to expect from

the analysis whether such an extreme operating condition will
not arise the problem in any cases.

However, through these analyses, the design of CICC can be
verified how suitable it is for PUMA UC, and it was possible
to obtain some conservative guidelines for the estimation of the
limit of pulsed operational parameters with the specification of
individual design of CICC.

And, it seems to be obvious that our preliminary design and
analysis for the PUMA-UC achieved a ground of feasibility for
the previously planned goal of the magnet system for a test fa-
cility.

IV. SUMMARY

To upgrade of PUMA-MC(Main Coil), a new insertion coil
was designed for the center field up to 12 T with the capability
of pulsed operation.

For the design, two types of CICC were specified through the
process under the consideration of optimal conductor design.
The resultant CICC was analysed by a numerical tool to estimate
the minimum quench energy. Each CICC design showed the
sufficient temperature margin above 3 K and minimum quench
energy of 440 mJ/cc and 680 mJ/cc in the given static condition.

As a heat load during the pulsed operation, the external heat
deposition by AC losses was implemented in the numerical code
of thermo-hydraulic analysis according to the time varying op-
eration current. Both CICC designs showed robust behaviors
under the extreme cases of operation scenario. So we could
verify the designs of the conductor of PUMA UC through the
thermo-hydraulic analysis for estimation of minimum tempera-
ture margin with respect to the pulsed operations.
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